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Abstract 
Ceramic materials have been widely used as functional materials as well as structural materials in many industrial fields because 
of their excellent properties. However, their inherent hardness and brittleness make the machining process very difficult 
compared to the same process with ductile materials. In this paper, a numerical method which is using the discrete element 
method to simulate the grinding process of polycrystalline SiC was presented, aiming to describe the relationship between the 
material removal, the initiation and propagation of cracks and the changes in grinding force of grinding process in quantitative. 
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1. Introduction 
Ceramic materials have been widely used as functional materials as well as structural materials in many industrial 
fields because of their excellent properties, such as high-temperature strength, good chemical and wear resistance 
and low thermal expansion coefficient etc. However, their inherent hardness and brittleness make the machining 
process very difficult compared to the same process with ductile materials. Although grinding is probably one of the 
oldest machining processes, it still persists as the most favorable finishing operation for ceramic materials due to the 
fact that it is the best suited for producing parts of high precision and high surface quality. Thus, unsurprisingly, the 
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grinding process is the object of extensive research of past 20 years of ceramics [1]. Questions such as how the 
material is actually removed from the surface of workpiece, as well as the surface/subsurface cracks induced by the 
grinding operation in ceramics, are of considerable importance from both research and industrial perspectives [2]. 
With the development of computer technology, especially the emergence of high performance computers, some new 
kinds of models and simulation methods like kinematic models, finite element method (FEM), molecular dynamics 
(MD), physical and empirical, artificial neural nets (ANN), and rule based models are used to simulate the grinding 
processes [3]. 
During the machining process of ceramics, because of the interaction of the grinding wheel and the workpiece 
some defects on the finished surface such as asperities and surface/subsurface cracks often appear. This process is 
very difficult to be experimentally measured or theoretically analyzed, and also is difficult to be modeled by above 
methods due to the high computing costs. Thus, it is essential to adopt alternative numerical method to study the 
initiation and propagation of cracks during grinding process in order to improve our understanding of the machining 
mechanism of ceramics. 
Since the micro-structure of polycrystalline ceramics consist of crystal particles and pores, the ceramic bulk can 
be treated as an assemblage of discrete particles bonded together randomly [4]. In this paper, we argue that ceramic 
behaves like a cemented granular material of complex-shaped grains in which both the grains and the cement are 
deformable and may breakage. Thus, the intergranular fractures and transgranular fractures of the ceramics can be 
spontaneously form by the breakage of bonds or grains. And this principle has been adopted in the particle Discrete 
Element Method (DEM) in the simulation of rock [5,6], cohesive soil [7,8] and so on. 
As argued above, the DEM can represent the ceramic at the grain scale by particles bonded together, and the 
damage is represented as broken bonds or grains explicitly and naturally. And using the DEM method to mimic the 
grinding process has never been reported. So this paper presents a new numerical method that is Discrete Element 
Method to simulate the grinding process of polycrystalline SiC, aiming to describe the relationship between the 
material removal, the initiation and propagation of cracks and the changes in grinding force of grinding process in 
quantitative. 
2. Simulation technique 
2.1. Discrete element method and bonded-particle model 
Discrete Element Method (DEM) was introduced by Cundall [9] for analysis of rock-mechanics problems and 
then applied to soils by Cundall and Strack [10] for the simulation of behavior of granular materials. And it also has 
been widely used in many other fields in recent years, such as geo-materials [11], concrete [12] and ceramics [13]. 
DEM assumes that the particles are circular in 2D or spherical in 3D and can overlap or detach. The calculations 
performed in the DEM alternate between the application of Newton’s second law to the particles and a force-
displacement law at the contacts. 
  In this paper we used the PFC2D [14] (particle flow codes in two dimensions) as the simulation platform. And 
the Bonded-Particle Model (BPM) also was adopted, which can be envisioned as a kind of cemente with a finite size 
joining the two particles, as shown in Fig.1. A parallel bond can be regarded as a set of elastic springs with constant 
stiffnesses (normal and shear) and strengths (tensile and shear), uniformly distributed over a rectangular cross-
section lying on the contact plane and centered at the contact point. It can transmit both force and moment. If the 
maximum tensile stress exceeds the tensile strength or the maximum shear stress exceeds the shear strength, then the 
parallel bond breaks (represents an individual micro-crack). 
Based on PFC2D, we use the specimen-genesis procedure from Augmented FishTank [14] to generate the sample 
of needed BPM model that is similar to the micro-structure of SiC. In order to represent the complex-shaped grains 
of SiC, we make a number of particles bonded into a cluster. The clustering algorithm is controlled by Sc, the 
maximum number of particles in a cluster. Each cluster is grown by identifying the current particle as a seed particle 
and then adding adjacent particles to the cluster until either all adjacent particles have been added or the cluster size 
has reached Sc [5]. It can clearly to see that the algorithm provides no control over cluster shape but does produce a 
collection of complex cluster shapes that are extremely similar to the grains in a polycrystalline SiC ceramic. The 
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results are shown in Fig.2. Here we set the maximum allowable number of particles in a cluster equal to 7, and 
different colors represent the different clusters. 
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Fig.1 Sketch map of parallel bond. 
 
Fig.2 Complex-shaped grains of SiC material in PFC2D using particle clusters (denoted by different colors), cluster size Sc=7 and small black 
points are bonds between particles. 
2.2. Calibration of the DEM model for SiC ceramic 
In general sense, the macro-properties of ceramics are usually described by its elastic modulus, unconfined 
compressive strength, Poisson’s ratio, bending strength and fracture toughness etc., while for codes such as PFC that 
synthesize macro-properties material behavior from the interactions of micro-scale components, the input properties 
of the microscopic constituents are usually not known. In order to have confidence that a particular model is 
reproducing desired physical behavior, it is necessary to calibration the micro-parameters of DEM model. To some 
extent, this is a trial and error process, because there is no complete theory that can predict macroscopic behavior 
form microscopic properties and geometry [14]. However, this can be achieved by several numerical experiments. In 
this paper we used the uniaxial compressive test, the three-point bending test and the fracture toughness test [4][13] 
to calibrate the particle properties in polycrystalline SiC DEM model.  
The smallest size of the particles of DEM model is 2μm, the ratio of the largest in size to the smallest is set to 1.5, 
the porosity ratio is 0.16, which is a reasonable value for a dense packing [15]. The sizes of tested specimens of 
assembly are listed in Table 1, and the numerical results of mechanical properties with comparison of experimental 
measurements are presented in Table 2. 
Table 1. The size of tested specimens of discrete element model 
Type of model  X:Y Number of particles in model 
Uniaxial compressive test 3:8(0.3×0.80mm) 10267 
Three point bending test 4:1(1.0×0.25mm) 10695 
Fracture toughness test 4:1(1.0×0.25mm) 10695 
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Table 2. The main mechanical properties of SiC in experiment tests and in 2D DEM simulations 
Mechanical properties  Test results DEM model 
Young’s modulus E [GPa] 420 425.7 
Poisson’s ratioQ   0.14 0.138 
Uniaxial compressive strength [MPa] 2000 2019.8 
Bending strength [MPa] 500-800 658.1 
Fracture toughness [MPa/m1/2] 3.5 3.54 
3. DEM modeling of grinding process 
The PFC2D has been used in this research to simulate the ceramic grinding process to learn more about grinding 
mechanism. The PFC2D models allow one to define a grinding wheel and move or rotate at a specified velocity and 
depth of grinding across a synthetic ceramic while monitoring forces on the grinding wheel and damage in the 
ceramic. In order to facilitate the simulation and analysis of grinding processes, it does not consider the influence of 
temperature, and presents the following assumptions. 
(a) All the abrasives in the width of the wheel will concentrate to a plane, forming an equivalent to "average 
abrasive" of all the abrasives in this width [16], and assuming that the size and shape of all the abrasives are 
consistent; 
(b) Although the actual shape of the abrasive is irregular polyhedron, and the abrasive often has a number of 
cutting edges. However, the cavity between the cutting edges is too small to accommodate the chips, so that it is 
impossible to cut the material effective, so it can be considered that only a cutting edge of a grinding abrasive is 
working [17]. This paper describes the shape of the grinding abrasive as a triangle that with a cone angle of ɵ, as 
shown in Fig.3. Here, we use a folding wall in PFC2D to represent the grinding abrasive; 
(c) Although the abrasives are randomly distributed along the wheel, it can take a common positional relationship, 
so it assumes that all abrasives uniformly distributed along the circumferential direction of grinding wheel, and the 
distribution density of the abrasive along the circumferential direction of wheel is α. 
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Fig.3 Illustration of the grinding process showing various process variables. 
 
The process parameters used in DEM model are shown in Fig.3 that schematically represents the horizontal 
spindle plunge grinding process. The grinding wheel has a diameter ds, rotates at a surface velocity of vs, and is fed 
into the workpiece at a velocity of vw. The grinding depth that the wheel plunges into a workpiece is denoted by ap. 
The wheel-workpiece interaction results in an average normal force Fn, tangential force Ft and cracks, all of these we 
will trace it in the process of simulation to study more about grinding mechanism. 
We use the micro-parameters calibrated in Section 2.2 to model the specimen of workpiece. The dimension of the 
workpiece was 0.85 mm in length and 0.3 mm in height, consisting of 10909 particles and 2219 clusters. The 
assembled particles were fixed by three walls, as shown in Fig. 4(a). There was no friction between the workpiece 
and the walls. A set of folding walls were used to make up of the wheel which ploughed into the workpiece and 
moved as a velocity of 4m/s and rotated as a surface velocity of 20m/s to simulate a real grinding process. The 
stiffness of walls which represent the wheel was much bigger than that of the particles to avoid any distortion of the 
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grinding tool. The diameter of the grinding wheel is 0.7 mm and the grinding depth was 20 μm. The conditions of 
cracks propagation and the damage of the finished surfaces can be observed in Fig. 4. As the grinding wheel moved 
forward, some micro-cracks appeared along the trajectory of grinding which were indicated by the red dots in Fig. 4. 
The micro-cracks propagated along the particles’ contacts forming some macro-cracks on the machined surface and 
leading to the removal of the front material. It can be clearly to see that there were no obvious macro-median cracks 
formed by the micro-cracks, and the clusters (represent the grains) were broken into the dispersed particles. In the 
grinding region, most of the clusters have been crumbled into the particles, and then quickly thrown off the 
workpiece surface under the action of tangential force of the high-speed rotation’s wheel. 
 
   
   
Fig. 4 Simulation of the grinding process of SiC ceramic, (a) the grinding length = 0 mm, (b) the grinding length = 0.2 mm, (c) the grinding 
length = 0.4 mm, (d) the grinding length = 0.6 mm. (the cracks were denoted by red color) 
4. Results and discussion 
4.1. Grinding force and crack number 
The relation between the grinding force and the total cracks number remained on the machined surface as the 
grinding time is shown in Fig. 5. As the increasing of grinding time, it can be found that the cracks number and the 
average grinding force increase smoothly, and the grinding force of Fx increase faster than the grinding force of Fy 
because the grinding crumb are filled with the gap of the grinding wheel in the grinding process. Moreover, the 
grinding force wave seriously, and each wave leads to a microscopic crack. It can be found that the cracks number 
rapidly, when the grinding force changed acutely, to lead some fracture of the ceramic. 
(d) 
(c) 
(a) (b) 
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Fig.5 Grinding force vs. cracks number 
4.2. Validation of the grinding model 
In order to verify the validation of the grinding model, taken the grinding force as the evaluation index, some of 
the grinding process of ceramic materials simulation would be done with different grinding parameters, and the 
effect of grinding parameters on grinding force will also be investigated. 
The workpiece speed, depth of grinding, speed of the grinding wheel, cone angle of abrasive are selected as 
controllable independent variables of DEM simulation named A, B, C and D, respectively, each at four levels and 
their test levels were listed in Table 3. 
 
Table 3 The orthogonal test factors and levels 
Elements and levels A (vw/ m/s) B (ap/μm) C (vs/ m/s) D (θ/°) 
1 4 5 20 30 
2 8 10 30 40 
3 12 15 40 50 
4 16 20 50 60 
  
Table 4 The orthogonal test design scheme 
number A (vw/ m/s) B (ap/μm) C (vs/ m/s) D(θ/°) 
1 4 5 20 30 
2 8 10 30 40 
3 12 15 40 50 
4 16 20 50 60 
5 4 10 40 60 
6 8 5 50 50 
7 12 20 20 40 
8 16 15 30 30 
9 4 15 50 40 
10 8 20 40 30 
11 12 5 30 60 
12 16 10 20 50 
13 4 20 30 50 
14 8 15 20 60 
15 12 10 50 30 
16 16 5 40 40 
According to the orthogonal test, 16 groups of different grinding parameters were carried out to simulate the 
machining process, each group grinding parameters were simulated 5 times with different random numbers to 
eliminate the impact of random errors, the simulation parameters are shown in Table 4. the simulation average 
results were shown in Table 5.
According to the analysis of  R, it was shown that the workpiece speed have greatest influences on the grinding 
force, and depth of grinding has second influences on the grinding force.
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Table 5 Analysis of orthogonal test results 
 Fx(N) Fy(N) 
 A B C D E A B C D E 
K1 117.3 16.4 32.7 43.2 67.2 76.8 8.0 15.5 16.4 38.0 
K2 114.7 66.8 77.2 49.9 102.2 81.2 28.8 49.6 20.8 77.2 
K3 108.9 130.5 101.6 62.8 125.0 78.0 125.3 88.4 28.8 85.6 
K4 106.0 198.5 171.0 84.8 123.5 72.8 205.9 141.8 40.6 104.8 
k1 29.3 4.1 8.2 10.8 16.8 19.2 2.0 3.9 4.1 9.5 
k2 28.7 16.7 19.3 12.5 25.6 20.3 7.2 12.4 5.2 19.3 
k3 27.2 32.6 25.4 15.7 31.2 19.5 31.3 22.1 7.2 21.4 
k4 26.5 49.6 42.7 21.2 30.9 18.2 51.5 35.5 10.2 26.2 
R 2.8 45.5 34.6 10.4 14.4 2.1 49.5 31.6 6.1 16.7 
Note:   (1) A
iK = the sum of targets which contains Ai˗(2) Aik = / 4AiK ˗ 
(3) A
iR = max{ } min{ }
A A
i ik k Ǆ 
As shown in Fig.6, due to the wear resistance and resistance of the high hardness ceramic materials, the normal 
grinding force is always greater than the cutting grinding force. According to the Fig.6a, the grinding force that 
increases with the increase of workpiece speed, and it is basic a linear trend. According to the Fig.6b, the depth of 
grinding increase means the grinding force increase. According to the Fig.6c, The smaller speed of the grinding 
wheel, the greater the grinding force. With the increase of cone angle of abrasive, the grinding force is also 
increased. 
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Fig.6 Effects of the workpiece speed, depth of grinding, speed of the grinding wheel, cone angle of abrasive on the grinding force. 
It can be seen that the trend of changing in grinding force with different grinding parameters in the simulation are 
consistent with the theoretical analysis results, so that it is show that the discrete element model of grinding of 
ceramic material which established in this paper are reasonable. 
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5. Conclusion 
The DEM model of SiC ceramic has been constructed and calibrated in PFC2D. A DEM methodology for 
simulating the grinding process of SiC ceramics was also constructed based on the calibrated the DEM model of SiC 
ceramic. In order to verify the validation of the grinding model, some of the grinding process of ceramic materials 
simulation have been done by different grinding parameters, and the effect of grinding parameters on grinding force 
will also be investigated. It is shown that the trend of changing in grinding force with different grinding parameters 
in the simulation are consistent with the theoretical analysis results, and the discrete element model of grinding of 
ceramic material which established in this paper are reasonable. 
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